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CHARACTERIZATION OF RECOMBINATION AND CONTROL ELECTRODES
FOR SPACECRAFT NICKEL-CADMIUM CELLS

by

S. Lerner and H. N. Seiger

ABSTRACT

The objective of this program was to develop a sealed nickel-cadmium
cell having a signal electrode, whose signal can be used for spacecraft
charge control in near earth orbits. In such orbits, signal-electrode
charge control is made difficult by the residual oxygen pressure present
in the cell at the end of discharge. One way of overcoming this problem
is by incorporating an oxygen-scavenging electrode in the cell.

In the first phase of this work, the Gulton Adhydrode and fuel cell
materials from Leesona Moos and American Cyanamid were critically evalu-
ated for use as scavenger electrodes. The material developed by American
Cyanamid (AB6X) was found best for recombination purposes.

The second phase dealt with the signal electrode. The work in this
phase was limited to improving the effectiveness of the Adhydrode as a
signal electrode by determining the optimum location for it in the cell.
Cells constructed with the Adhydrode in the end of the pack, center of
the pack, and U-shaped (around the pack edge) were tested. The best
signal-to-pressure response was exhibited by the Adhydrode in the center
of the pack.

The third phase involved design, construction and testing of cells
making use of the results of phases one and two. These tests showed:
1) The recombination rate of oxygen in cells with scavenger electrodes
is greater than that in cells without scavenger electrodes; 2) consequently,
the cell pressure (and the Adhydrode signal) decays sufficiently during
a short discharge to allow for immediate recharge, and the apparent point
of vigorous oxygen generation is delayed when charging; 3) cells contain-
ing the AB6X fuel cell material have a hydrogen scavenging ability; and
4) cycling at 60% depth of discharge in a near-earth orbit is a feasible
mode of operation with signal-electrode charge control. However,
degradation in cycle life is experienced at this depth of discharge.
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I. INTRODUCTION

The determination of the end of charge of sealed nickel-cadmium
cells may be detected with auxiliary electrodes. There are basically
two kinds of auxiliary electrodes. One uses noble metals or silver
as electrocatalysts and appears to follow a mechanism that is termed
the perhydroxyl mechanism:

20, + 2H,0 + he” —L 2 0,0 + 2 oW

2 0 kX 3 oo 4 0,

0, + HO + be” ——— 4 OH
The other kind of auxiliary electrode does not rely on noble
metals as electrocatalysts, and appears to follow a mechanism that is

termed the adsorbed hydrogen electrode:

4,0+ (M)e” — 21 > 4HM) + 4O0H
0, + 4HQ) —F—p 2,0

0, + H,0 + 4(M)e” — 4 OH

The term.l'adsorbed hydrogen electrode” has been condensed simply
to Adhydrode =~ The differences between the two mechanisms are more
than is shown by the two pertinent reactions. The most obvious dif-
ference lies in the fact that the oxygen consuming step is chemical in
the Adhydrode scheme, and electrochemical in the perhydroxyl scheme.

In the Adhydrode mode of charge control, the signal developed is almost
linearly dependent on the partial pressure of oxygen in the cell.

Since the Adhydrode signal is dependent on oxygen pressure, it can
be used in control systems designed to insure proper charging. The upper
bound is exceeded if the rate and duration of charge causes the cell to
explode due to pressure build up. The lower bound must be reached or
the cell will not be fully charged. The number of ampere-hours of charge
current must be greater than the number of ampere-hours of discharge
current because the positive electrode is not 1007 efficient in accept-
ing charge.

The Adhydrode's basic property is its sensitivity to oxygen. The
oxygen pressure in the cell is dependent, in turn, upon the cell itself
and the cycle regime through which it passes. Under some cyclic con-
ditions, such as short orbit periods of 90 minutes, the oxygen recom-
bination rate is not great enough to allow the third electrode signal to
diminish below the end of charge level. This condition, aggravated by
the tendency of the Adhydrode signal to rise above the desired set point
(a condition termed "overshoot'"), prevents the cells from returning to
a charge mode on the following cycle.

-1~



The rate at which oxygen is reduced, in a sealed cell, can be in-
-creased by including a scavenger electrode. It is the purpose of this
work to develop cells having both signal electrodes and scavenger elec-
trodes. A goal is to construct cells which are capable of cycling in
near-earth orbits (90 minutes) using the Adhydrode as a charge control
electrode. Thus, the improvements necessary are to increase the decay
of the Adhydrode signal during a short (30 minute) discharge period and
a more rapid recombination of oxygen.

The program was divided into three phases. The first involved
evaluation of scavenger electrodes, including fuel cell as well as
passive Adhydrode electrodes. The second part of the program was an
evaluation of the third, or active, Adhydrode characteristics in regard
to physical location. The final part of the program was devoted to test-
ing cells containing the best features determined from the first two
parts of the program.



II, PHASE I - SCAVENGER ELECTRODES

A scavenger electrode is an electrode which, when included in a
cell, enhances the oxygen recombination rate. Two types of scavenger
electrodes, excluding the sintered cadmium electrode, are available.
These are: (1) the Gulton AdhydrodeQﬁ and (2) the fuel cell electrode.
Both types of material were investigated.

Scavenger Adhydrode electrodes of the following thicknesses and
porosities were tested to determine their ability to recombine oxygen:

POROSITY THICKNESS
(%) (mils)
20
55
55
20
70 32
55
20
85
55

One type of fuel cell electrode from American Cyanamid and one type
from Leesona Moos were also tested.

A. EXPERIMENTAL PROCEDURES & RESULTS

1. Synthesis of Adhydrode Scavenger Electrodes

In order to obtain Adhydrodes of the desired thicknesses and
porosities for testing, several methods of synthesis were used.
The starting materials were standard Adhydrode materials available
from the Gulton Furnace Facility. The standard materials are 70%
porous, and either 0.020 or 0.032 inches in thickness.

55% Porous Electrodes: The 0.020" electrodes were obtained by
compressing a 70% porous 0.032" thick electrode with 30 tons of
force. The 0.055" electrodes were obtained by building up a 70%
porous 0.032" thick electrode to 0.065" thick by oversintering and
then compressing with 30 tons of force.

70% Porous Electrodes: The 0.020 and 0.032" thicknesses were
obtained from the Gulton Furnace Facility. The 0.055" thick elec~-
trodes were obtained by building up the 0.032" electrodes with
additional catalyst material.

85% Porous Electrodes: The 0.020" electrodes were obtained by
mixing the active catalyst material with a sawdust expander in a
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ratio of 2/3 sawdust to 1/3 active material, placing the mixture on
a perforated nickel sheet, and then removing the expander by com-
bustion. The 0.055" electrodes were prepared by placing the active
catalyst directly on a 20 mesh, 7 mil nickel wire cloth.

2. Fuel Cell Electrodes

Two fuel cell electrode materials were also obtained.

AB6X Electrode: This material, obtained from American Cyanamid,
is 10 mils thick, has the active material attached to a metal wire
cloth, and has both sides available as active material.

Lesoona Moos Electrode: 1In this electrode, the active material
is held together by a Teflon coating on one side. Therefore, the
electrode has only one active surface. The active material is

pressed on an expanded metal screen and the entire electrode is
30 mils thick.

3. Testing of Scavenger Electrodes (Adhydrodes & Fuel Cells)

A sealed chamber was fabricated with a removable lucite top and
a pressure gauge. On the bottom of the cell, and insulated from
it, was a small flooded nickel-cadmium cell which was kept at
1.31 v by an external nickel-cadmium cell. The test material was
attached to the pressure gauge and was in contact with the electro-
lyte through a non-woven nylon (Pellon 2505K) wick (Figure 1. The
cell was then evacuated and pressurized to 45 psig (4 atm.) with
oxXygen. A precision (17%) 0.5 ohm resistor was placed between the
test electrode and the flooded cell negative electrode, and the
voltage across the resistor was measured. This was repeated for
1 and 2 ohm precision resistors. The procedure was repeated again,
this time starting at 15 psig (1 atm.). From the voltage and re-
sistance, the current through the test electrode was calculated.
For each pressure, the current versus resistance was plotted and
extrapolated to R = 0, the condition for a passive catalyst.

The current density, i, R = 0), was plotted against pressure.
This graph, io versus P, is a measure of the recombination rate
for oxygen of the material under test. The results of the tests
are given in Table I and are graphically summarized in Figures 2
and 3. 1In the Table, the Adhydrode materials are referred to as
x/y where x is the thickness in mils and y is the percent porosity.

TABLE T

P Vs i, FOR VARIOUS SCAVENGER ELECTRODES

LIMITING CURRENT, io, AS R — 3 0
P(PSTIA) | 20/55 20/70 20/85 32/70 55/55 55/70 55/85 Leesona AB6X
60 1.40 2.24 1.86 2.08 1.91 1.98 2.72 3.94 20.8
45 1.20 2.02 1.66 1.80 1.62 1.81 2.40 3.42 20.3
30 1.02 1.80 1.31 1.68 1.44 1.50 1.90 2.83 19.6
15 0.88 1.51 1.04 1.35 1.20 1.20 1.59 2.60 18.9
i, = milliamperes/sq. inch x/y = thickness (mils)/porosity (%)

“lpm




As shown in Figure 2, there is not very much difference in re-
combination ability of the different Adhydrode materials tested. The
best scavenger is the 55 mil thick-85% porous material, and the
poorest is the 20 mil thick-55% porous material.

While the 55 mil-85% porous Adhydrode apparently has the best
recombination properties, it was decided to use the 20 mil-70%
porous Adhydrode for inclusion in test cells. There are several
reasons for this choice; among them are: (1) there is not much dif-
ference in properties and the 20 mil-70% porous electrode is readily
available; (2) the highly porous electrodes do not adhere well to
the substrate material and tend to flake and this may cause internal
shorting in a cell; and (3) the thick plate is almost three times
the thickness of either the positive or negative electrode, and its
inclusion in a cell would require excessive compression to allow
the electrode stack to fit in the cell case.

A comparison of the data shown in Figure 3 with that of Figure 2,
indicates that the Leesona Moos electrode is about twice as good, and
the AB6X electrode about ten times as good as the tested Adhydrodes.
However, the Leesona Moos electrodes are active only on one side,
while the American Cyanamid AB6X is active on both sides. An additional
consideration is thickness. The AB6X material is 0.010" thick, which
is half the thickness of the battery electrodes (0.020"), while the
Leesona Moos electrode is 0.030" or one-and-one-half times as thick
as a battery electrode.

As a check on the validity of the above described tests,
sealed cells were constructed using the best Adhydrode material and
both the American Cyanamid and Leesona Moos fuel cell electrodes.

To determine the effect of Adhydrode area on the rate of re-
combination, cells were prepared having the negative-plate-to-
Adhydrode-plate ratio of 10:1, 9:2, 8:3, and 7:4.

Design of Test Cells: Gulton positive, negative, and Adhydrodes
were used. Plate dimensions were 2-3/4" x 2-3/4" x 0.020". Cells
were constructed to 10 positive and 11 negative plates. Scavenger
electrodes replaced negative plates. The separator material was
Pellon 2505K, a non-woven nylon, and the electrolyte was 34% KOH.

Formation: Flooded cells were constructed and the electrodes
formed using the following regime:

Charged at €/2 for 2 hours.
Charged at ¢/10 for 16 hours.
Discharged at C/5 for 5 hours.
Charged at /4 for 7 hours.
Discharged at C/5 for 5 hours.
Charged at C/4 for 7 hours.
Discharged at C/5 to -1.0 V.

00 H O RO OTD

Plates so formed were used for the construction of all sealed
cells.

-5-
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4. Construction and Performance of Cells with Scavenger Electrodes

Eighteen test cells (number 1 through 18) were constructed using
VO-12 size plates (70 mm x 70 mm), with six different configurations
as shown in Table II. The cells were evacuated and the void volumes

determined by a gas expansion method. This determination yielded
a void volume of 102 cm”.

The cells were again evacuated and charged to a 3 Ah input. The
cells were then pressurized to 65 psia with oxygen, which was allowed
to recombine (final pressure 3-5 psia). From knowledge of the void
volume, it was calculated that the capacity of negative electrodes
was reduced by 1.5 Ah. The cells were then discharged. The reduction
of negative capacity insures that the positive exhausts first at
the end of charge, thereby limiting the possibility of hydrogen
evolution.

All cells were then placed on a 1.2 ampere charge to determine
capacity on the subsequent discharge. These data for a 6.0 A dis-
charge are also given in Table TII.

Both the control cells and the cells containing four Adhydrodes
in place of four negative electrodes were of low capacity, based on
a 9.0 Ah theoretical capacity. However, the control cells showed
minimal pressure (‘E;4O psia) which decayed on discharge, while the
four Adhydrode cells generated high pressure (75-90 psia) which did
not recombine on discharge, and was, by analysis, shown to be hy-
drogen. The presence of hydrogen indicated that the negative elec-
trodes had become fully charged before the positive electrodes,
which explaines the reduced cell capacity.

TABLE IT

CONSTRUCTION & CAPACITIES OF SCAVENGER TEST CELLS

NO. NO. 6 A DISCHARGE
CELLS | POSITIVES | NEGATIVES ; NO, & TYPE SCAVENGER CAPACITIES
1 10 10 1 AB6X Fuel Cell Leak
2 10 10 1 AB6X Fuel Cell 8.6
3 10 10 1 AB6X Fuel Cell Leak
4 10 10 1 Leesona Moos Fuel Cell Leak
5 10 10 1 Leesona Moos Fuel Cell] 9.3
6 10 10 1 Leesona Moos Fuel Cell 9.2
7 10 10 1 Adhydrode 9.0
8 10 10 1 Adhydrode 8.4
9 10 10 1 Adhydrode Leak
10 10 9 2 Adhydrodes 9.1
11 10 9 2 Adhydrodes Leak
12 10 9 2 Adhydrodes Leak
13 10 11 Control Leak
14 10 11 Control 7.6
15 10 11 Control 7.6
16 10 7 4 Adhydrodes Leak
17 10 7 4 Adhydrodes 7.6
18 10 7 4 Adhydrodes Short

-9-



Twelve additional cells ( Nos. 19-30) were built with four dif-
ferent configurations as shown in Table ITI. The cells were charged
and the negative electrodes discharged 1.5 Ah by the addition of
oxygen. The cells were discharged. The cells were then subjected
to four charge-discharge cycles at 5 amperes to determine their
capacity. The results of these capacity tests are shown in Table 1IV.
Based on the capacity data, cells 22, 23, 24, and 26 were chosen
for further testing, rated at 9.5 Ah capacity, and placed on a
manual 55% depth of discharge cycle using a 90 minute orbit with
a 20% overcharge. After 9 cycles, all the cells had run down to
an end-of-discharge voltage of 1.0 volt or less.

In order to determine if the lost capacity could be regained,
the cells were to be charged until the pressure reached 50 psig at
5 amperes and then discharged.

Cells 22 and 26 were discharged after reaching 50 psig and
yielded 9.8 and 9.4 Ah capacity to 1.0 V, respectively. However,
after 5 hours (25 Ah input), cells 23 and 24 had not reached the
cutoff pressure. The cells were then discharged. This cycle
was repeated twice more with the same result. A typical cycle
is shown in Figure 4.

Cells 23 and 24 were placed on automatic cycle at a 55% depth
of discharge with a 10% overcharge. The cycle consisted of 60 min-
utes of charge followed by 30 minutes of discharge. Both cells
completed 113 cycles, with cell 23 operating at a pressure of be-
tween 1 and 10 psia and cell 24 operating between 40 and 50 psia.
Cells 22 and 26 were not cycled due to excessive pressure buildup
(>75 psia) on charge. At the end of charge, on the 114th cycle,
cell 24 catastrophically failed at 50 psia; voltage measurements
indicated that the cell had not shorted. A post mortem of the
cell revealed that the separator had melted on the bottom edge of two of
the plates at one end, possibly causing a temporary short circuit.

Cell 23 was placed back on cycle and completed 500 cycles
before failure due to faulty terminal welds.

TABLE TIT

CONSTRUCTION OF CELLS WITH FUEL CELIL SCAVENGER

ELECTRODES

CELL NUMBER POSITIVE | NUMBER NEGATIVE [ NO, & KIND SCAVENGER

NO. PLATES PLATES ELECTRODES

19-21 10 10 Control Cells
22 =24 10 11 1 AB6X

25-27 10 10 2 AB6X

28-30 10 10 1 Leesona Moos

Note: Cells 21, 25, and 27 were shorted and not tested.

-10-
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TABLE IV

CAPACITY DETERMINATIONS OF CELLS WITH FUEL CELL

SCAVENGER ELECTRODES

with Adhydrodes replacing negative electrodes, the thickness of

the

AB6X (10 mil) as compared to the Leesona Moos material (30 mil), and
most significantly, the exceedingly rapid scavenging ability of the
AB6X as compared to the Adhydrode or Leesona Moos material, it was

decided that the AB6X material would be used as the scavenger electrode
in the final design.

-12-

CONTROL CELL 1 AB6X CELL 2 AB6S 1 LEESONA MOOS
CYCLE| CELL 19| CELL 20 |CELL 22 ICELL 23 | CELL 24 | CELL 26 | CELL 28 | CELL 29 | CELL 30
1 10.3 10.2 10.9 10.8 10.8 11.0 10.0 9.3 9.3
2 8.8 8.8 10.1 9.2 9.5 9.3 9.3 8.7 8.3
3 8.9 8.8 10.2 9.5 9.3 9.6 9.1 8.7 8.7
4 8.3 8.0 9.8 9.5 9.3 9.5 8.8 8.8 8.1
Avg. Last
3 cycles 8.7 8.5 10.0 9.4 9.4 9.5 9.1 8.8 8.4
With these factors in mind, namely, the hydrogen evolution of cells



III. PHASE II - ACTIVE ADHYDRODES

The active Adhydrode is an electrode which, when connected through

a load resistor to the negative electrode, is used to monitor the end of
charge. This phase dealt with the improvement of the Adhydrode-signal-to-
pressure ratio by investigating the ratio as a function of the various
possible positions for the Adhydrode in the cell pack; i.e., '"U" shaped,
in the center, and on one end of the pack.

EXPERIMENTAL PROCEDURES & RESULTS

1. Sensitivity As a Function of Position

Nine cells with active Adhydrodes were built. Three cells had
the Adhydrode in the "U" shape, three had the Adhydrode at one end
of the pack, and three had the Adhydrode in the middle of the pack.
The construction of these cells is shown in Table V. 1In all positions
the Adhydrode area was the same.

TABLE V

CONSTRUCTION OF CELLS WITH ACTIVE ADHYDRODE

CELL NUMBER POSITIVE NUMBER NEGATIVE NUMBER & POSITION
NO. PLATES PLATES OF ADHYDRODE

31-33 10 10 1 U-Shaped

34-36 10 10 1 End of Pack

37-39 10 10 1 Middle of Pack

NOTE: Cell 31 was shorted and not tested

Before testing, the cells were pressurized with enough oxygen to
reduce the capacity of the negative by 1.5 Ah. Three charge-discharge
cycles at 5 A were completed. During the charge, both the pressure
and Adhydrode signal (across a 1 ohm resistor) were monitored. A
typical Adhydrode signal and pressure curve for each of the three
Adhydrode positions is shown in Figures 5 to 7. Figure 8 is the
Adhydrode signal versus pressure curve for each of these configura-
tions. The trend shown by these figures is followed in the other |
cycles, in that the Adhydrode place in the center of the pack showed
a consistently greater signal-to~-pressure ratio than the Adhydrodes
placed in either of the other two positions.

A possible explanation for the experimental results is the avail-
ability of water to the Adhydrode. In the '"U'" position, water is
available only due to the wicking action of the separator. However,
when the Adhydrode is in the pack, water is available by direct con-
tact with that absorbed in the electrodes and separator. Also, the
Adhydrode in the center of the pack has both sides in contact, while
in the end position, only one side is in direct contact with the liquid
phase.
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2. Adhydrode Sensitivity as a Function of Load Resistor

The Adhydrode sensitivity is defined as the slope of the pressure
versus signal curve for a specific load resistor. The load resistor
is defined as the resistor placed in series between the Adhydrode and
the negative electrode. Figures 9 and 10 are the Adhydrode sensitivity
curves for 1/4, 1, 7, and 100 ohm resistors.
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IV, PHASE III - CONSTRUCTION & TESTING OF CELLS WITH
SCAVENGER ELECTRODES & ACTIVE ADHYDRODES

In this phase of the project, the best parameters from Phases I and
I1 were mated into cells for final testing.

Four cells with scavenger electrodes and active Adhydrodes were con-
structed. Each cell contained 10 positives, 1l negatives, 1 AB6X fuel
cell electrode shorted to the negative terminal, and an active Adhydrode
placed in the center of the pack and connected to a third terminal. The
cells were numbered 40, 41, 42, and 43. After construction, the cells
were pressurized with enough oxygen that the capacity of the negatives
was reduced by 1.5 Ah. The capacities of the cells (1 ampere charge --

5 ampere discharge) were as follows:

TABLE VI

CAPACITIES
CELL NO.| w | o | a2 | s |
CAPACITY Ah l 8.3 r 8.5 l 6.4 I 8.0 |

A, EXPERIMENTAL PROCEDURES & RESULTS

1. Automatic Cycling at Room Temperature

The four cells were manually cycled at a 507 depth of discharge
on a 90 minute orbit (60 minute charge -- 30 minute discharge). Three of
the cells (Nos. 41, 42, 43)* were placed on an automatic cycling routine
which consisted of a 5.5 A charge for 60 minutes and a 9.5 A discharge for
30 minutes (60% DOD). This type of cycle allows for no open circuit stand
between the end of charge and the beginning of discharge. However, even
under this regime, two of the cells operated close to, or in, vacuum
(P <15 psia) and the third operated in the range of 15 to 40 psia. For
these cycles, the Adhydrode signal was monitored but not used to terminate
charge. This method of cycling continued for 476 cycles. Figure 11 is
the Adhydrode and pressure curves for cell 42,

At the end of the above cycling, the three cells, rated at 8.0 Ah
were manually cycled for four cycles using a 9.5 A discharge for 30 min-
utes (607) and a 7.0 A charge. Both pressure and Adhydrode signal were
monitored. A 1/4 ohm resistor was used as the load resistor. These cycles
were used so that one cell could be chosen as the control cell (the one
with the most reproducible Adhydrode signal) and the proper signal chosen
as the trip point (the point at which charge is terminated). This cycling
data indicated that cell 42 should be chosen as the control cell and the

* Cell 40 was not cycled due to the development of high pressure
( > 65 psia) on charge.
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trip point should be 200 mA (50 mV). This signal allows for a nominal
10% overcharge; i.e., the overcharge may vary slightly from one cycle to
the next.

The cells were then placed on an instrument which allowed the cells
to be charged for 60 minutes or to a preset Adhydrode signal, and dis-
charged for 30 minutes. If the Adhydrode signal point is reached before
the end of 60 minutes, the cells are then automatically placed on open cir-
cuit for the remainder of the 60 minutes, and then go on the discharge
portion of the cycle. The cycle counter was reset to zero for cycling
under Adhydrode control. The cycle was a 30 minute discharge at 9.5 A
and a 7.0 A charge to the Adhydrode cutoff. Figure 12 is the Adhydrode
and pressure curve for cycle 97 for the control cell (no. 42). After
the 144th cycle, the end of discharge voltages began to fall below 1.0 V.
This was due to a slight increase in the Adhydrode sensitivity, causing
the cells to be removed from charge prematurely. In the cycle used, a
7.0 A input for 41 minutes corresponded to the output on discharge.
Therefore, if the cells were removed from charge at 41, or less, minutes
the cells would eventually run down. To compensate for this, the resistor
was changed to 1/8 ohm and the trip point reset to 360 mA (45 mV). This
again allowed for a nominal 10% overcharge. The resistor had to be
changed since the instrument had a maximum full scale deflection of 50 mV,

Figure 13 is the Adhydrode signal and pressure for cycle 305. On the
326th cycle, the Adhydrode on the controlling cell ceased to function in
a stable manner, and the cells began to receive a full 60 minutes of
charge which corresponds to a 32% overcharge. However, even with this
overcharge, the end of charge cell pressures remained below 40 psia, again
indicating the utility of the scavenger electrode.

In order to determine the cause of the erratic Adhydrode behavior,
the cell atmosphere in the control cell was analyzed after the end of
charge of the 367th cycle and found to contain 95% hydrogen. Control
and experimental cells both exhibited the presence of hydrogen. However,
the presence of hydrogen in the cells and the low end-of-charge pressure
(12 psia), along with the fact that during discharge the cell returns to
vacuum, illustrates the advantage of using a fuel cell electrode as a
scavenger, since the buildup of extreme pressures is prevented regardless
of the composition of the internal cell atmosphere. After the gas sample
analysis, the cells were discharged to 1.0 V and reconditioned. The re-
conditioning cycle consisted of a C/10 (800 mA) charge, a 3 ampere dis-
charge to 1,0 V, a C rate charge, and a 3 ampere discharge to 1,0 V.

Since prior to cycling, cell 42 had a capacity somewhat lower than
the other cells, it is probable that part of the difficulties which arose
during cycling were due to the severe loss in capacity of the control cell
as shown in Table VII.

TABLE VII

CAPACITIES OF CELLS 41, 42, and 43 AFTER CYCLING

CELL NO, 41 42 43
CAPACITY (ah)] 7.8 5.1 7.7
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After the reconditioning cycle, two of the cells (nos. 41 and 43)
were placed back on cycle with cell number 43 controlling. Figures 14,
15, and 16 are, respectively, cycles 61, 285, and 398. The cycle counter
was reset to zero again.

At the end of charge of the 676th cycle under Adhydrode control, the
cells were placed on open circuit for three days due to a power shutdown.
When the cells were placed on cycle again (discharge portion), cell 41
went into reverse immediately. The cell was removed from cycle and a sub-
sequent charge and discharge indicated a shorted cell.

Cell 43 was continued on cycle with the trip point reset to 280 mA
(35 mV). Figure 17 is the 789th cycle. During charge on the 794th
cycle, the cell voltage dropped to 0.0 V and remained there through the
succeeding charge and discharge cycles, indicating that the cell had
failed by shorting.

At the end of cycle life, cells 41 and 43 had, respectively, accumu-
lated 1519 and 1637 cycles at 607 depth of discharge. While it is
realized that an average cycle life of 1600 cycles is short compared to
the usual cycle life of a nickel-cadmium cell, it must also be realized
that the cycling conditions were much more stringent than usually applied,
and that even at thissevere depth of discharge, the internal cell pres-
sure remained low, independent of cell atmosphere, and the recombination
rate remained rapid.

The results of the cycle testing at 60% depth of discharge, at room
temperature, indicate the utility of cells containing both an Adhydrode
as a charge control electrode, and a fourth electrode as a gas scavenger
electrode. 1In these cells, the Adhydrode signal which tracks the pres-
sure closely, is strong at the end of charge, exhibits no overshoot of
the trip point (i.e., the continued use of the Adhydrode signal above
the trip point after the cells have been removed from charge), and decays
rapidly on open circuit on discharge. The incorporation of a fuel cell
scavenger electrode allows the cell to operate at low pressures inde-
pendent of the composition of cell atmosphere and exhibits a rapid re-
combination rate.

2. Temperature Testing

Nine cells, numbered 46 to 54 were fabricated. These cells contained
13 positive electrodes, 14 negative electrodes, the Adhydrode in the
center of the pack, and the fuel cell electrode on one end. The extra

positive and negatives were added in order to increase the capacity of
the cells.

a. Low Temperature

For these tests, the cells were operated at their actual capacity,
14 Ah for the control cells, and 9 Ah for the experimental cells.
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Three of the control (VO-12HSAD standard 12 Ah Adhydrode) cells
and three experimental cells were cycled for one week at both -20°C
(-4°F) and 0°C (32°F) at a 50% depth of discharge on a 90 minute
orbit. Sixty-five cycles were completed at -20°C, and 61 at 0°C.
One complete cycle a day was monitored., Figures 18 through 21 are,
respectively, the 3rd and last cycle for an experimental and control
cell at -20°C. Figures 22 through 25 are similar curves at 0°C.

It should be noted that on the last cycle for the experimental
cell at 0°C, the pressure begins to increase at the initiation of
charge. The reason for this was not investigated and no explanation
is offered. However, this pressure rise is slight (10 psia), and
apparently has no effect upon the pertinent cell characteristic,
i.e., pressure and Adhydrode signal decay. The experimental cells
had a stronger Adhydrode signal than the control cells. This signal, even
at these low temperatures, rose rapidly upon charge and decayed rapidly
upon discharge. On the other hand, the Adhydrode signal from the con-
trol cells exhibited overshoot.

On the last cycle at each temperature, the cells were discharged
to 1.0 V and there capacities were determined. These data are shown
in Figures 26 and 27. It is evident that the experimental cells
containing the fuel cell electrode have a greater resistance to capacity
loss on low temperature cycling than the control cells. It should be
noted that, at low temperatures, the capacity of nickel-cadmium cells
generally increases. However, the magnitude of this increase should
be the same for both sets (control and experimental).

b. High Temperature

Three VO-12HSAD control cells and three experimental cells con-
taining fuel cell scavenger electrodes were placed in a chamber at
40°C (104°F) in the discharged state. The cells were allowed to stand
for 48 hours and were then charged at 5 amperes. During the initial
charge, the control cells developed exceedingly high pressures
(greater than 150 psig). Analysis indicated that the gas was > 97%
hydrogen. These cells, along with one experimental cell were removed
from the oven and not tested further.

The remaining two experimental cells were placed on cycle at
50% depth of discharge. Both cells went into reverse on the first
cycle, The two cells (discharged) were then allowed to equilibrate
at 35°C (95°F). Eighteen cycles were completed before one cell went
into reverse and the other cell's end-of-discharge voltage fell below
1.0 V (Figure 28). It is not known why the cells with fuel cell
scavengers would not cycle at deep depths of discharge at 35° or 40°C.

To determine if the exposure to high temperatures had adversely
affected the cells, the cells were placed on cycle at 50% depth of
discharge for one week at room temperature. No problems were en-
countered during the room temperature cycling.
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The cells were again placed in the oven at 40°C (104°F) and were
cycled at a 10% depth of discharge for 10 days (158 cycles). Figure 29
is the pressure, Adhydrode and discharge curve for cycle 142. Figure 30
is the capacity of the two cells after cycling (nominal cell capacity
is 10 Ah).

After completing the 107 depth of discharge cycling (first 158
cycles), the cells were cycled at 20, 30, and 25% depths of discharge.
One hundred ninety-two cycles were completed at 20% depth of discharge
and seventy at 30%. After this, the depth of discharge was reduced to
257% and a life test was conducted at this level. Figure 31 is the final
cycle at 207% DOD. Figure 32 is a complete curve for cycle 707 at 25%
DOD. Between the 710th and 750th cycle, the cell failed due to short-
ing.

Again, even though the cycle life was short, it has served to show
that the four electrode concept is feasible and cells so equipped may

be cycled with good charge control and low internal pressure.

c. Gassing Characteristics

In order to evaluate the gassing characteristics of the cells con-
taining fuel cell electrodes, as compared to those cells containing
a passive Adhydrode, the following test was performed.

Three cells containing fuel cell electrodes and three VO-12HSAD
cells (the Adhydrode in the passive mode) were charged at G/2 to
25 psig (40 psia) at temperatures between -20°C (0°F) and 40°C (104°F).
The results for a typical pair of cells are shown in Figures 33 and
34, and briefly summarized in Table VIII. It is evident from these
results that the inclusion of a fuel cell electrode in a sealed cell
permits wider latitude in the charge mode (i.e., higher rates for
longer times with reduced probability of cell failure due to ex-
cessive pressure), and also aids in keeping the cell pressure at a
low value.

TABLE VIII

PERCENT ACTUAL CAPACITY INPUT TO 40 PSIA
AT G/2, VERSUS TEMPERATURE

TEMPERATURE VO- 12HSAD EXPERIMENTAL CELL
-20°C (0°F) 108% 1427% -
0°C (32°F) 1387, 1587%
25°C (72°F) 79% 150%
40°C__ (100°F) 100% 150%

3. Low Rate Charging Characteristics

During testing of cells with fuel cell scavenger electrodes, it be-
came apparent that when these cells were charged at a low rate (C/10),
for 16-20 hours, from a dead shorted condition, and then subsequently dis-
charged, the capacity of the cell fell far below the rated capacity. How-
ever, if the identical cells were charged at a high rate (C/2) to the same
ampere-hour input, and then subsequently discharged, the capacities were
significantly above the rated capacity. As a case in point, eleven VO-10HSADS
(10 Ah capacity) cells yielded an average capacity of 7.33 Ah after a
C/10 charge and 12.47 Ah after a C/2 charge.
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A clue to the reason for this behavior can be obtained by inves-
tigating internal cell pressure as a function of ampere-hour input.
In a hermetically sealed cell of the VO type, (standard Gulton sealed
cell) the end-of-charge pressure (C/l0 rate for 24 hours) is usually
between 20 and 35 psia. However, when a fuel cell electrode is included,
the end-of-charge pressure is in the range of 5 to 10 psia. If we con-
sider the reactions involved and apply Le Chatelier's principle, a
correlation between the low cell pressure and low capacity may be ob-
tained,

During charge and before overcharge, the pertinent reactions are:

4Ni(0H)2 + 4OH ———p 4NiOOH + 4H,0 + he Eq. (1)

40H =0 + ZHZO + 4e” Eq. (2)

We must asseme that the oxygen evolution reaction is microscopically
reversible, which, in principle, it is, otherwise the following analysis
would not apply. Then we may say that at the onset of charge, the reactions
are in competition. 1In the case of the standard VO type cell, there is a
buildup of oxygen pressure which tends to suppress reaction (2) and allows
reaction (1) to proceed efficiently. However, if, when a fuel cell elec-
trode is included, the oxygen is recombined almost as fast as it is gen-
erated, the reactions continue to compete and the charging reaction (1)
proceeds at a less efficient rate. Expressing the above in a mathematical
form, we have from reaction (2):

dpP
02
= ke (Pogq - Po,)
ac f q 2
where Peq is some equilibrium pressure and PO2 is the instantaneous pressure.
The fraction of the total current producing the parasitic reaction (2) is:
dp
2 dt
where: A = 4FV/RT
F = Faraday
\) = Cell (free) Volume, and
R&T = their usual meanings
ig, = Ak (Pgq - POZ)
The total current, I = i + 1
09 a
1 = iOz + ia
1 I
_ i
€ = efficiency = _a_
I
i
€ =1 - 2
I

-50-



0, f "eq
Ak_ P
€m in = —'—ﬂi e

or the lower the instrantaneous pressure below the equilibrium value, the
lower the charge efficiency.
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V. CONCLUSIONS

The sensitivity of the Adhydrode material can be increased. The
sensitivity increase is obtained at the expense of the mechanical
properties. As a compromise in trade-off of properties, it was con-
cluded to use the Adhydrode material as it existed prior to the start
of this work.

The location of the Adhydrode within the cell had an effect upon
its sensitivity. The best results, signal versus pressure, were obtained
from Adhydrodes placed in the center of the electrode pack. This is the
position selected for the signalling electrode.

Several materials were tested for use as scavenger electrodes.
The best material investigated was a platinum bearing electrode de-
veloped for use in fuel cells. This material is purchased as AB6X
from the American Cyanamid Company. It is connected directly to the
negative electrode group, and located on the outside of the pack so
that it can be in direct contact with the atmosphere of the cell.

Cells were fabricated using the significant findings in the first
two phases of the program. These cells contained the Adhydrode in its
most advantageous position, and the AB6X material in its most advan-
tageous location. For use as controls, cells were made using the
Adhydrode in the usual '"U" shaped manner. It was found that:

(1) Four electrode cells do not exhibit an overshoot in the Adhydrode
signal.

(2) Four electrode cells have a rapid signal decay.

(3) The scavenger electrode is sufficiently effective to permit a
C/2 continuous overcharge at pressures not exceeding 50 PSIG.

(4) Recombination is independent of the composition of the atmosphere
within the four electrode cells,

(5) At room temperature, 1600 cycles (800 consecutive) have been
achieved on the four electrode cells.

(6) At low temperatures (-20° and 0°C), the four electrode cells had
superior pressure and Adhydrode characteristics when compared to

control cells.

(7) Cycling at 40°C (800 consecutive cycles) indicate that there is
a 30% depth of discharge limitation,
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VI, CONSTRUCTION OF BATTERIES FOR DELIVERY

Four, five-cell batteries have been delivered to NASA/Goddard in
fulfillment of the contract requirements.

Each cell was constructed to contain 13 positive electrodes,
14 negative electrodes, 1 internally connected fuel cell scavenger
electrode, and an Adhydrode connected to a third terminal. All plates

2 . : .

are 70 mm“ in area. All cells were equipped with pressure gauges. All
cells were cycled three times, matched as closely as possible, fab-
ricated into batteries, and then the battery capacity was determined to
either 5 volts (1l volt/cell avg.) or to 0.5 volts on any one cell,

Battery Capacity
1 12.00
2 11.83
3 12.40
4 12.25
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